Non-alcoholic fatty liver disease is manifested by hepatic accumulation of triglycerides (TG) and is commonly associated with metabolic syndrome. The isoprenoid farnesol (FOH) modulates lipid metabolism and reduces hepatic TG content in rodents. This effect involves activation of at least two nuclear receptors, peroxisome proliferator-activated receptor α (PPARα) and farnesoid X receptor. We evaluated the effects of FOH (100 μM) in a cellular model of human hepatic steatosis by loading hepatocyte-like HepaRG cells with oleic acid (OA, 0.66 mM). FOH treatment decreased OA-induced TG accumulation by~25%. Using PCR arrays, we found that FOH treatment modulated the mRNA levels of several lipid-metabolizing enzymes, both alone and when cells were loaded with OA. While FOH activated PPARα and the constitutive androstane receptor (CAR), most of the FOH-mediated effects on lipid-metabolizing genes could be attributed to activation of PPARα. In OA-loaded HepaRG cells, FOH increased fatty acid oxidation, which was accompanied by up-regulation of PPARα target genes involved in mitochondrial fatty acid oxidation, including hydroxyacyl-CoA dehydrogenase/3-ketoacylCoA thiolase/enoyl-CoA hydratase and acetyl-coenzyme A acyltransferase 2. These effects on gene expression were lost when the cells were co-treated with the PPARα antagonist, GW6471. OA treatment alone decreased the mRNA levels of the drug-metabolizing enzymes, cytochrome P450 (CYP)1A2, 2B6, and 3A4, and increased CYP2E1 expression, all of which were attenuated by FOH co-treatment. These findings show that FOH treatment increases fatty acid oxidation and decreases TG accumulation in steatotic HepaRG cells, which is likely attributable to PPARα-mediated induction of mitochondrial fatty acid oxidation.
Introduction
Intrahepatic triglyceride (TG) levels are regulated through a balance between the amounts of free fatty acids that enter hepatocytes or are synthesized de novo and the amounts that are catabolized through oxidation or secreted in very low-density lipoproteins (Koo, 2013) . Any significant change in the factors mediating this balance can result in an increase in intrahepatic TG content (Anderson and Borlak, 2008 Abbreviations: ACAA2, acetyl-coenzyme A acyltransferase 2; ACOT12, acyl-CoA thioesterase 12; CAR, constitutive androstane receptor (NR1I3); CITCO, imidazo [2,1-b] [1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime; CoA, coenzyme A; cDNA, complementary DNA; C T , cycle threshold; CYP, cytochrome P450; DMSO, dimethyl sulfoxide; DPM, disintegrations per minute; EtOH, ethanol; FOH, farnesol; FF-BSA, fatty acid-free bovine serum albumin; FPP, farnesyl pyrophosphate; FXR, farnesoid X receptor (NR1H4); FBS, fetal bovine serum; GW4064, 6 -dichlorophenyl)-5-(1-methylethyl)-4iso-xazolyl]methoxy]phenyl]ethenyl]benzoic acid; GW6471, N-((2S)-2-(((1Z)-1-methyl-3-oxo-3-(4-(trifluoromethyl)phenyl)prop-1-enyl)amino)-3-(4-(2-(5-methyl-2-phenyl-1,3-oxazol-4 yl)ethoxy) phenyl)propyl)propanamide; GW7647, [2] [3] [4] carbonyl](4-cyclohexylbutyl)amino]ethyl]phenyl]thio]-2-methylpropanoic acid; HADHA, hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (trifunctional protein) alpha subunit; HADHB, hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (trifunctional protein) beta subunit; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NAFLD, non-alcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; OA, oleic acid; ORO, Oil Red O; PBS, phosphate-buffered saline; PCR, polymerase chain reaction; PLIN2, perilipin 2; PPARα, peroxisome proliferator-activated receptor α (NR1C1); PPARγ, peroxisome proliferator-activated receptor γ (NR1C3); PPRE, peroxisome proliferator response element; PXR, pregnane X receptor (NR1I2); RT-qPCR, quantitative reverse transcription-polymerase chain reaction; SHP, small heterodimer partner (NR0B2); SREBP, sterol regulatory element-binding protein; TG, triglycerideet al., 2009) . TG accumulation > 5% of total liver weight is classified as steatosis (Bedogni et al., 2014) . Hepatic steatosis is commonly associated with insulin resistance and the metabolic syndrome (Angulo, 2007) , and in the absence of significant alcohol use, drugs, or viruses, steatosis is regarded as the hallmark of the early stages of non-alcoholic fatty liver disease (NAFLD) (Loomba and Sanyal, 2013) . If left untreated, steatosis can develop into a more severe and progressive form of NAFLD known as non-alcoholic steatohepatitis (NASH), characterized by hepatic inflammation and oxidative damage (Hardy et al., 2016) . Even though NAFLD has become the most common liver disease, with a worldwide prevalence ranging from 11 to 40%, there are currently no established regimens to treat NAFLD except for weight loss (Kawano and Cohen, 2013) .
Farnesol (FOH) is a non-sterol isoprenoid that is produced endogenously through the dephosphorylation of farnesyl pyrophosphate (FPP), a key branch-point intermediate of the cholesterol biosynthetic pathway (Goldstein and Brown, 1990) . FOH is also widely present in plants, such as peaches, tomatoes, strawberries, corn, and lemongrass (Duncan and Archer, 2008) . Physiologically, FOH can function as a signaling molecule that modulates a variety of cellular processes, such as sterol biosynthesis, vasoconstriction, apoptosis, cell proliferation, and lipid metabolism (Correll et al., 1994; Edwards and Ericsson, 1999) . Regarding the latter, studies in rodents have shown that FOH treatment lowers plasma and hepatic TG levels and improves metabolic abnormalities in obese animals, which is associated with lower expression of fatty acid synthesis genes and increased expression of fatty acid oxidation genes (Takahashi et al., 2002; Duncan and Archer, 2008; Goto et al., 2011) . Similarly, FOH and/or its oxidative metabolites have been implicated in the TG-lowering effects produced by inhibitors of squalene synthase, the enzyme that catalyzes conversion of FPP to squalene, the first committed step in sterol biosynthesis (Hiyoshi et al., 2003) . These studies suggest that FOH might be useful as a therapeutic approach to treat steatosis and alleviate progression of NAFLD.
Most of the above-described effects of FOH on lipid metabolism were shown to be mediated through nuclear receptors, such as peroxisome proliferator-activated receptors (PPARα and PPARγ), farnesoid X receptor (FXR), and retinoid X receptor β (Takahashi et al., 2002; Duncan and Archer, 2008; Goto et al., 2011) . These ligand-activated transcription factors regulate expression of several lipid-metabolizing enzymes involved in fatty acid oxidation, synthesis, uptake, storage, transport, and elimination (Chawla et al., 2001; Berger and Moller, 2002; Wagner et al., 2011) . While it has been demonstrated that FOH can produce beneficial effects on rodent hepatic lipid metabolism, the relevance to humans is not clear, since the activities of nuclear receptors can differ substantially across species Kiyosawa et al., 2008; Ross et al., 2010) . Additionally, FOH and/ or its metabolites activate the constitutive androstane receptor (CAR) in primary cultured rat and mouse hepatocytes (Kocarek and MercerHaines, 2002; Rondini et al., 2016) . However, whether CAR activation has any role in FOH's ability to regulate hepatic lipid metabolism has not been studied, which is important given the potential involvement of CAR in lipid metabolism and crosstalk with PPARα (Xiao et al., 2013) .
HepaRG is a human hepatocellular carcinoma-derived cell line that can be differentiated in culture to cells that exhibit a hepatocyte-like phenotype, which includes expression of hepatic enzymes and transporters as well as key nuclear receptors, such as PPARα, FXR, and CAR (Aninat et al., 2006; Cerec et al., 2007; Guillouzo et al., 2007) . In the current study, we therefore used oleic acid (OA)-loaded HepaRG cells as a model for human hepatic steatosis to determine the effects of FOH treatment on lipid-metabolizing pathways as well as the involvement of PPARα, FXR, and CAR in mediating the effects of FOH. We found that FOH treatment lowered cellular TG levels and increased fatty acid oxidation in the OA-loaded cells. FOH treatment also altered the mRNA expression of lipid-metabolizing genes, including several that were not previously identified in rodent studies. Further, most of the FOHmediated changes, especially those involved in mitochondrial β-oxidation, were likely mediated by PPARα.
Materials and methods

Materials
Trans, trans-FOH, dimethyl sulfoxide (DMSO), 6-(4-chlorophenyl) imidazo [2,1-b] 
OA, hematoxylin, Oil Red O (ORO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), triamcinolone acetonide, Triton X-100, and fatty acid-free bovine serum albumin (FF-BSA) were purchased from Sigma-Aldrich (St. Louis, MO). 
HepaRG cell culture and treatment
HepaRG cells were obtained from Biopredic International (SaintGrégoire, France) under a material transfer agreement with INSERMTransfert (Paris, France). HepaRG cells (at passage #3-4 following receipt) were plated at a density of 24,000 cells/cm 2 into multi-well culture plates (6-well plates) unless otherwise indicated, and cultures were maintained in HepaRG growth medium (Williams' Medium E supplemented with 10% FBS, 5 μg/ml insulin, 0.1 μM triamcinolone acetonide, 100 U/ml penicillin, and 100 μg/ml streptomycin) for 14 days. The confluent cells were then incubated in HepaRG differentiation medium 1 (HepaRG growth medium supplemented with 1% DMSO) for 48 h followed by HepaRG differentiation medium 2 (HepaRG growth medium supplemented with 2% DMSO) for a further 14 days. Culture medium was renewed every 2-3 days. Upon differentiation, cells were cultured in HepaRG growth medium containing 2% FBS for 72 h and then in HepaRG treatment medium (growth medium without serum) for 24 h, after which treatments were performed. Synthetic nuclear receptor agonists or antagonists were added to the culture medium as concentrated stock solutions (1000×) dissolved in DMSO at the concentrations specified in the individual figure legends. FOH stock solutions (1000×) were prepared in ethanol (EtOH). For FOH treatments, the required volume of FOH stock was added to 8.8% FF-BSA (w/v) prepared in HepaRG treatment medium and allowed to form complex for 30 min. EtOH (0.1%) diluted in FF-BSA was used as a vehicle control for FOH treatment experiments. For OA treatment, OA was first complexed with FF-BSA at a 6:1 molar ratio (OA:BSA). Briefly, an 8 mM OA stock was prepared by adding 2.26 mg of OA to 1 ml of a sterile 8.8% FF-BSA solution in HepaRG treatment medium. The stock solution was then diluted in HepaRG treatment medium to obtain the desired FOH, OA, and OA + FOH concentrations, as described in the individual figure legends. In all groups, the final content of FF-BSA in the cell culture medium was 0.7% (w/v).
Measurement of cell viability
The MTT assay was used to assess FOH treatment effects on cell viability, essentially as described previously (Mosmann, 1983) . Briefly, MTT was dissolved at a concentration of 1 mg/ml in phosphate-buffered saline (PBS) and sterile-filtered prior to use. Cells were cultured in 12-well plates. At the selected times following treatment, culture medium was replaced with 0.3 ml of MTT solution, and cells were further incubated for 30 min at 37°C. Following incubation, cells were washed with PBS, and MTT formazan was extracted with 0.3 ml 100% isopropanol. Aliquots of the isopropanol extracts were diluted 1:5 in isopropanol and absorbance was measured at 560 nm using a SpectraMax Plus Absorbance Microplate Reader (Molecular Devices, Sunnyvale, CA). Each sample was measured in triplicate, and each experiment was repeated in 3 independent HepaRG cultures.
Measurement of neutral lipids and TG
ORO staining was used to determine treatment effects on the cellular levels of neutral lipids, as previously described (Ramirez-Zacarias et al., 1992) . Briefly, ORO was dissolved at a concentration of 3.5 mg/ ml in isopropanol and then filtered with Whatman paper. For each experiment, a working solution of ORO was prepared fresh by mixing 6 ml of ORO stock with 4 ml of water (0.21% w/v), and the solution was filtered again after incubating at room temperature for 20 min. To visualize cellular lipids, 24 h after the last treatment HepaRG cells were washed with PBS and then fixed in 10% (v/v) neutral-buffered formalin (pH 7.4) for 1 h at room temperature. Fixed cells were washed 3 times with double-distilled water and then dehydrated in isopropanol for 10 min at room temperature, after which the isopropanol was removed from the wells and cells allowed to dry. The cells were then incubated for 30 min at room temperature in ORO solution, followed by extensive washing with double-distilled water to remove non-specific staining. Nuclei were then counterstained with hematoxylin, and ORO-stained lipid vesicles were visualized at 200× using a phase-contrast microscope equipped with a digital camera (Olympus; Waltham, MA). To quantify differences in neutral lipid accumulation, ORO was extracted from the cells with isopropanol and absorbance read at 510 nm using isopropanol as blank. The experiment was repeated in 2 independent HepaRG experiments.
To measure TG levels directly, HepaRG cells were collected by scraping (2 wells/sample) and then pelleted by centrifugation at 1000 ×g for 5 min. Pellets were then resuspended in ice-cold PBS containing 1% Triton X-100. The suspension was sonicated and then centrifuged at 13,200 ×g for 10 min at 4°C to remove cellular debris. Supernatants were collected and 10 μl of sample was used to measure TG concentrations using the Serum Triglyceride Quantification Kit (Colorimetric) from Cell Biolabs (San Diego, CA) according to the manufacturer's instructions. Total cellular TG levels were normalized to protein content in each sample, which was determined using the bicinchoninic acid assay (Sigma-Aldrich). All assays were performed in triplicate, and each experiment repeated 3 times.
Total RNA isolation and quantitative reverse transcription polymerase chain reaction (RT-qPCR)
Twenty-four hours following the last treatment, HepaRG cells were harvested in Ambion lysis buffer and total RNA was extracted and column purified using the Purelink RNA isolation kit (Ambion; Carlsbad, CA). Complementary DNA (cDNA) was then synthesized using the High-Capacity cDNA Reverse Transcription Kit (Life Technologies; Grand Island, NY), following the manufacturer's instructions. Relative changes in gene expression were determined using a StepOnePlus Real Time PCR System (Applied Biosystems, Foster City, CA). Reactions were prepared using 10 μl of either SYBR Green or TaqMan Gene Expression Master Mix (Applied Biosystems), 50 ng RNA equivalents, and gene-specific primers. TaqMan Gene Expression Assays (Applied Biosystems, Supplemental Table 1) were used for initial studies demonstrating treatment effects on nuclear receptor target genes [CYP2B6 for CAR, perilipin 2 (PLIN2) for PPAR, and small heterodimer partner (SHP) for FXR]. All other RT-qPCR assays were conducted using SYBR Green Master Mix with primer pairs purchased from Integrated DNA Technologies (Coralville, IA). The primers were designed using the Primer-BLAST software tool (National Center for Biotechnology Information website), and the sequences are shown in Supplemental Table 1 . For all assays, commercially available primer sets to detect TATA-box binding protein (P/N 4326322E from Applied Biosystems; Hs.PT.58v.39858774 from IDT) were purchased and used as the endogenous control. Relative fold-changes in mRNA levels were calculated using the comparative C T (ΔΔC T ) method. All assays were performed in duplicate, and each experiment was repeated in at least 3 independent HepaRG cultures.
Measurement of hepatic lipid-metabolizing gene expression using customized PCR arrays
Custom-designed RT 2 Profiler PCR Array plates (96-wells) were purchased from Qiagen (Carlsbad, CA), which mostly contained primer sets to detect transcripts for proteins involved in fatty acid, triglyceride, and sterol metabolism. Only lipid-metabolizing genes shown to be expressed in human liver and to regulate critical steps in hepatic lipid metabolism were included on the array. Primers to detect CAR, PPAR, and FXR transcripts were also included on the array, as were primers to detect prototypical targets of these receptors (CYP2B6, PLIN2, and SHP, respectively), as positive controls. A small number of genes involved in carbohydrate metabolism and inflammation were also included, as were 4 reference genes as internal controls. A list of genes with descriptions is provided in Supplemental Table 2 [in addition to those listed, ELOVL2, ELOVL3, ELOVL4, GPAT2, and TNF were included on the array but were excluded from analysis due to their undetectable or high C T values (> 34)]. Following treatment, HepaRG cells were harvested and total RNA isolated using the Purelink RNA isolation kit. cDNA was then prepared using the RT 2 First Strand Synthesis Kit (Qiagen) and PCR conducted using the RT 2 SYBR Green qPCR Master Mix according to the manufacturer's (Qiagen) recommendations. Relative fold changes in gene expression were determined using the RT 2 Profiler PCR Array Data Analysis system (Qiagen), which is based on the ΔΔC T method. Raw C T values for the target transcripts were normalized to corresponding C T values for the TBP reference gene. Treatment-induced changes in mRNA levels were then normalized to vehicle-treated controls. A heat map was generated using Morpheus matrix visualization and analysis software (https://software. broadinstitute.org/morpheus). Treatments were performed on 2 independent HepaRG cultures, and values in the heat map represent average fold-changes relative to control for the 2 biological replicates.
Measurement of fatty acid oxidation
Treatment effects on fatty acid oxidation were measured in intact cells cultured on 12-well plates, as described previously (Zhang et al., 2012) , using [9, H(N)]OA as substrate and tritiated water as the end-product of oxidation. Briefly, a complex of FF-BSA:OA (8 mM OA) was prepared as described above. [9, H(N)]OA was included to achieve a final radiolabel concentration of 1 μCi/ml in the treatment medium. One ml of medium containing [ 3 H]OA was added to each well and the cells incubated at 37°C for 3 h, after which the medium was collected and protein precipitated by adding 100% trichloroacetic acid to a final concentration of 9% (v/v) and centrifuging. The supernatants were alkalinized by adding 6 N NaOH and then loaded onto columns containing 0.2 g/ml Dowex 1 × 2-400 resin (Sigma-Aldrich) diluted in water. Tritiated water was eluted from the columns using 1.5 ml water into scintillation vials containing 10 ml Ultima-Flo™ M scintillation cocktail (PerkinElmer; Waltham, MA) and radioactivity was measured using a Beckman-Coulter liquid scintillation counter (model LS3801; Indianapolis, IN). Results were corrected for nonspecific radioactivity obtained from medium containing [ 3 H]OA that was not added to HepaRG cultures. Etomoxir (10 μM; Sigma-Aldrich), an inhibitor of A. Pant et al. Toxicology and Applied Pharmacology 365 (2019) 61-70 carnitine palmitoyltransferase 1, was used as a negative control in 2 of the experiments. Experiments were conducted in quadruplicate and repeated in 3 independent HepaRG cultures.
Statistical analysis
Results are presented as mean ± SEM. Significance testing was performed using GraphPad Prism version 6.00 (GraphPad Software; San Diego, CA). As appropriate, treatment groups were compared using one-or two-way analysis of variance with the Newman-Keuls test for multiple comparisons, unpaired t-tests, or one-sample t-tests against the hypothetical value of 1. P < .05 was considered to be statistically significant.
Results
FOH suppresses OA-mediated TG accumulation in HepaRG cells
HepaRG cells have been previously shown to be a suitable in vitro system for studying hepatic lipid metabolic processes (Samanez et al., 2012; Brown et al., 2013) . Here, we used HepaRG cells as a model to evaluate the effects of FOH treatment on human hepatic steatosis. HepaRG cells were treated for 48 h with OA (0.33, 0.66, or 1 mM), a known inducer of TG accumulation in human hepatic cells, including HepaRG cells (Ricchi et al., 2009; Anthérieu et al., 2011) . ORO staining revealed an OA concentration-dependent increase of intracytoplasmic lipid droplets (stained in red, Fig. 1A) . Quantification of the staining showed that absorbance was significantly increased by 1.3-, 1.7-, and 1.9-fold at 0.33, 0.66, and 1 mM OA, respectively, compared to cultures incubated with medium containing FF-BSA vehicle (Fig. 1B) .
We next determined whether FOH treatment caused any cytotoxicity in HepaRG cultures. HepaRG cells were treated with increasing concentrations of FOH (10, 30, 100, 300 and 1000 μM) for 24 or 48 h, and cell viability was measured by the MTT assay. FOH treatment had no significant effect on MTT formazan absorbance at any of the concentrations or treatment times that were tested, although greater variability in MTT activity was noted at the 2 highest FOH concentrations ( Fig. 2A) . Also, no changes in cellular morphology were noted when the cells were observed under phase-contrast microscopy (data not shown). Therefore, we selected 100 μM FOH for further study. To determine the effect of FOH on intracellular TG accumulation in OAloaded HepaRG cells, HepaRG cell cultures were pre-incubated with either FF-BSA or 0.66 mM OA for 24 h followed by treatment with either vehicle or 100 μM FOH in the absence or presence of OA for another 48 h, and intracellular TG levels were measured (Fig. 2B ). FOH HepaRG cells were pre-treated for 24 h in HepaRG treatment medium containing FF-BSA, either alone or complexed with 0.66 mM OA. The cells were then incubated for 48 h in pre-treatment medium (i.e., FF-BSA or OA) containing either 0.1% EtOH or 100 μM FOH and harvested for TG measurement, as described in Materials and Methods. The amount of TG was normalized to protein content for each sample. Each bar is the mean ± SEM from 3 independent experiments (n = 3). ***Significantly different from FF-BSA:EtOH group, P < .001.
# Significantly different from OA:EtOH group, P < .05.
treatment had no effect on TG levels under control conditions. Exposure to OA increased the amount of intracellular TG by 7.7-fold in HepaRG cells when compared to FF-BSA-treated control. This OA-induced increase in TG levels was significantly reduced (by 24.4%) when the HepaRG cells were co-treated with 100 μM FOH.
FOH activates CAR and PPARα, but not FXR, in HepaRG cells
Since FOH has been shown to regulate cellular processes through activation of CAR, PPARα, and FXR, we hypothesized that one or more of these receptors might mediate the observed reduction of TG by FOH in our human hepatic steatosis model. Therefore, we first determined whether FOH treatment affected the activity of CAR, PPARα, or FXR in HepaRG cells. HepaRG cultures were treated with either FOH or a known synthetic agonist of each receptor for 48 h, and mRNA levels of target genes were measured by RT-qPCR (Fig. 3) . Treatment with the CAR agonist CITCO (0.1 μM), PPARα agonist GW7647 (10 μM), or FXR agonist GW4064 (1 μM) significantly increased the mRNA levels of CYP2B6 (3.8-fold), PLIN2 (5.5-fold), and SHP (2.9-fold), respectively, compared to vehicle-treated control. Treatment with 100 μM FOH significantly increased CYP2B6 mRNA levels by 2.1-fold and PLIN2 mRNA levels by 1.7-fold. However, FOH treatment had no effect on SHP mRNA content. These findings indicate that FOH modulates the activity of CAR and PPARα, but not FXR, in HepaRG cells under the experimental conditions that were used, although FOH's effects on CAR and PPARα were somewhat weaker than those produced by the synthetic agonists.
FOH treatment regulates the expression of lipid-metabolizing genes in HepaRG cells
To investigate the mechanism(s) underlying the FOH-mediated reduction of TG content in OA-loaded HepaRG cells, we used a customized PCR array to profile treatment-induced changes in the expression of genes involved in various human hepatic lipid-metabolizing pathways, including those associated with fatty acid uptake and transport, fatty acid oxidation, fatty acid synthesis, TG biosynthesis, lipoprotein secretion, and cholesterol biosynthesis. HepaRG cells were treated either with FOH or OA alone, OA and FOH in combination (i.e., effects of FOH in OA-loaded cells), or a control agonist for CAR, PPARα, or FXR. The treatment effects on gene expression (fold changes in mRNA levels relative to control) are shown in Supplemental Table 2 .
The PCR array data confirmed the effects of the positive control nuclear receptor agonist treatments that were observed by RT-qPCR (Fig. 3) , namely increased expression of CYP2B6 (9.9-fold increase in mRNA levels), SHP (5.0-fold), and PLIN2 (3.8-fold) by treatment with CITCO (CAR), GW4064 (FXR), or GW7647 (PPARα), respectively. Other than CYP2B6 induction, treatment with the CAR agonist CITCO had little effect on expression of other genes on the array, and the few CITCO-mediated changes were not focused on any particular lipid metabolism pathway. Treatment of control (i.e., not OA-loaded) HepaRG cells with the FXR agonist GW4064 changed the expression of several lipid-metabolizing genes and had a major suppressive effect on phosphoenolpyruvate carboxykinase 1, the main control point for gluconeogenesis, as well as on several CYPs including CYP2B6, CYP2E1, and CYP411. GW4064 treatment of OA-loaded HepaRG cells reduced the mRNA levels for most of the genes on the array. The PPARα agonist GW7647 changed the expression of numerous genes. While GW7647 Fig. 3 . Effects of FOH on nuclear receptor (CAR, PPARα, and FXR) activities in HepaRG cells. HepaRG cells were cultured in HepaRG treatment medium containing FF-BSA + 0.1% ethanol (EtOH), FF-BSA + 100 μM FOH, 0.1% DMSO, or one of the following nuclear receptor agonists: 0.1 μM CITCO (CAR), 10 μM GW7647 (PPARα), or 1 μM GW4064 (FXR). Treatment medium was replaced once after 24 h. After 48 h of treatment, cells were harvested for RNA isolation, and CYP2B6, PLIN2, and SHP mRNA levels were quantified by RT-qPCR, as described in Materials and Methods. Each bar represents the mean ± SEM of normalized mRNA values from 3 (PLIN2, SHP; n = 3) or 4 (CYP2B6; n = 4) independent experiments, and within each experiment data were normalized to the EtOH-treated control group (i.e., EtOH = 1). *Significantly different from 1, P < .05.
# Significantly different from DMSOtreated group, P < .05.
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suppressed the expression of four genes, apolipoprotein-4 (APOC4), interleulin-6 (IL-6), SHP, and CAR, all other genes profiled that changed by at least 1.3-fold were upregulated by GW7647 treatment. The major pathways affected by PPARα activation were fatty oxidation, particularly in mitochondria, uptake, and transport. The PCR array data shown in Supplemental Table 2 also confirmed FOH's ability to activate CAR (as indicated by increased CYP2B6 mRNA levels) and PPARα (PLIN2) but not FXR (SHP). The magnitude of the FOH-mediated increase in CYP2B6 mRNA content determined on the arrays was the same as that determined by RT-qPCR (2.1-fold) while the increase in PLIN2 mRNA levels was somewhat lower on the arrays (1.3-fold) than it was by RT-qPCR (1.7-fold). In contrast to the RT-qPCR analysis, which indicated that FOH had no effect on FXR activity, the array data suggested a modest suppressive effect (1.3-fold decrease in SHP mRNA content).
FOH treatment of control HepaRG cells changed the expression of 27 genes on the array (using the criterion of an at least 1.3-fold change in mRNA level), and the affected genes were distributed among the various functional categories represented on the array. By this criterion, treatment of HepaRG cells with OA alone affected the expression of 24 genes. Of the genes regulated by FOH or OA treatment alone, only 9 were regulated in the same direction (i.e., either increased or decreased) by both treatments. FOH treatment of OA-loaded HepaRG cells changed the mRNA levels of 37 genes by at least 1.3-fold. The most notable change in affected genes occurred within the mitochondrial β-oxidation category, where only 3 or 4 of the 18 genes on the array were regulated by FOH or OA treatment alone, but 11 of those genes were regulated by the combination of FOH and OA. Ten of those 11 genes were upregulated by FOH treatment, and those 10 genes were also upregulated by the PPARα agonist GW7647 (Supplemental Table 2 ).
Although FOH and OA co-treatment produced changes of 1.3-fold or more in the mRNA levels of other categories of lipid-metabolizing genes that were included on the array (Supplemental Table 2 ), in general a smaller fraction of the genes in those other categories was regulated than was seen for the mitochondrial β-oxidation genes. Of the 6 fatty acid uptake/transport genes that were evaluated, only the mRNA level of SLC27A1 (Gene Symbol, see Supplemental Table 2 for Gene Name) was changed by FOH + OA treatment (1.3-fold increase). Likewise, FOH + OA only affected expression of one peroxisomal β-oxidation gene, ACOX1 (1.3-fold increase in mRNA level). Four of 13 fatty acid biosynthesis genes were regulated by FOH + OA: ELOVL6 (1.4-fold increase), FASN (1.3-fold increase), SCD (1.4-fold decrease), and SCD5 (1.3-fold decrease). Three of 6 genes that were classified as fatty acid metabolism (other) were changed: ACOT1 (1.3-fold increase), ACOT6 (1.3-fold decrease), and ACOT12 (3.9-fold increase). Four of 11 triglyceride biosynthesis genes were regulated by FOH + OA: LPIN1 (1.3-fold increase), AGPAT1 (1.3-fold decrease), AGPAT6 (1.4-fold increase), and DGAT2 (1.3-fold increase). Four of 11 cholesterol pathway genes were changed: FNTA (1.3-fold increase), HMGCR (1.4-fold increase), RABGGTA (1.4-fold decrease), and RABGGTB (1.3-fold decrease). Fig. 4 shows a heat map of the PCR array results, in which the genes are presented in the same order (and in the same categories) that is shown in Supplemental Table 2 , and the treatment groups are clustered to indicate how similarly they affected the gene expression profile. The heat map shows that the gene expression profile produced by CITCO treatment was distinct from the other treatments. The groups treated with GW4064 (alone or in the presence of OA) clustered together, and apart from the other groups. The groups treated with GW7647 (alone or with OA) clustered together and the groups treated with OA alone or OA + FOH clustered together, and all four of these treatment groups showed similarities in their gene expression profiles, likely indicating the dominant influence of PPARα activation on gene expression in these 4 treatment groups. Finally, the group treated with FOH alone clustered most closely with the group treated with OA + CITCO, suggesting that the effect of FOH was largely a combination of CAR and PPARα activation.
FOH treatment increases fatty acid oxidation gene expression and activity in OA-loaded HepaRG cells
We validated results from our microarray experiments by RT-qPCR, using primer pairs that were different from those used in the PCR arrays (Supplemental Table 1 ). Since fatty acid oxidation was a major pathway modulated by FOH treatment of OA-loaded HepaRG cells, we measured the mRNA levels of several mitochondrial and peroxisomal β-oxidation genes in additional batches of HepaRG cells that were treated the same as those used for the array experiments. Under control conditions, treatment with FOH alone had no significant effect on the expression of mitochondrial β-oxidation genes except for hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (trifunctional protein), alpha subunit (HADHA) (Fig. 5A) . OA treatment significantly increased expression of HADHA (~1.5-fold), hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (trifunctional protein), beta subunit (HADHB, 1.5-fold), and acetyl-coenzyme A acyltransferase 2 (ACAA2, 1.3-fold). Co-treatment with FOH and OA further increased the expression of HADHA (1.2-fold), HADHB (1.2-fold), and ACAA2 (1.3-fold), when compared to the OA-only treated samples. Carnitine palmitoyltransferase 1A (CPT1A) expression was not changed by FOH or OA treatment alone but was significantly increased by co-treatment with OA and FOH (1.7-fold over EtOH-treated control). In contrast, neither FOH nor OA had any effect on the expression of peroxisomal β-oxidation genes except for ACOX2, which was suppressed by both FOH (1.2-fold) and OA (1.3-fold). Additionally, expression of the cytosolic thioesterase, acyl-CoA thioesterase 12 (ACOT12), increased by 1.5-fold over control in response to FOH treatment and 1.8-fold by OA treatment. Co-treatment with FOH further increased the OA-mediated increase in ACOT12 expression by 1.5-fold, in agreement with the data from the PCR arrays (Supplemental Table 2 ).
The panel of genes changed following FOH co-treatment with OA suggested a main effect on mitochondrial β-oxidation, although the individual gene expression changes were generally small. Therefore, to determine the integrated impact of FOH treatment on fatty acid oxidation in intact HepaRG cells, we measured the release of tritiated water from OA (Fig. 5B) . In OA-loaded HepaRG cells, FOH significantly increased fatty acid oxidation by 1.5-fold compared to treatment-matched controls. Fatty acid oxidation increased to a similar extent following treatment with the PPARα agonist GW7647, whereas treatment with the carnitine palmitoyltransferase 1 inhibitor etomoxir reduced mitochondrial β-oxidation by 46% (data not shown). Taken together, our findings indicate that under steatogenic conditions, FOH treatment increases mitochondrial fatty acid oxidation but has little effect on expression of peroxisomal fatty acid oxidation genes.
FOH treatment modulates expression of CYPs in HepaRG cells
Since FOH has been reported to be a substrate and inhibitor of certain CYPs (Raner et al., 2002) , the effects of FOH treatment on CYP expression in control and OA-loaded HepaRG cells were evaluated. As shown in Fig. 6 , OA treatment significantly decreased the mRNA levels of CYP1A2 (1.8-fold), CYP2B6 (2.6-fold), and CYP3A4 (1.2-fold) and increased CYP2E1 mRNA levels (1.3-fold). Treatment with FOH alone significantly increased CYP2B6 (2.6-fold) and CYP3A4 (1.9-fold) mRNA levels in control HepaRG cells and reversed the OA-mediated decreases of CYP1A2, CYP2B6, and CYP3A4 as well as the OA-mediated increase of CYP2E1.
FOH regulates mitochondrial β-oxidation genes through PPARα
To establish the role of PPARα in the regulation of mitochondrial β- The cells were then incubated for 48 h (media change after 24 h) in pretreatment medium (i.e., FF-BSA or OA) containing 0.1% EtOH, 100 μM FOH, 0.1% DMSO, 0.1 μM CITCO, 10 μM GW7647, or 1 μM GW4064. Cells were then harvested, and mRNA levels of 96 genes were measured using a customized PCR Array, as described in Materials and methods. Effects of treatments normalized to their respective vehicle controls (EtOH for farnesol, DMSO for nuclear receptor agonists) are presented as a heat map, where positive log-ratios (log2-fold change) for upregulated genes are shown in red and negative log-ratios for downregulated genes are shown in blue. Treatment groups are hierarchically clustered using one minus Pearson correlation clustering. Functional classifications of genes are (1) fatty acid uptake and transport, (2) mitochondrial fatty acid oxidation, (3) peroxisomal β-oxidation, (4) microsomal ω-oxidation, (5) fatty acid biosynthesis, (6) fatty acid metabolism (other), (7) TG biosynthesis, (8) cholesterol metabolism, (9) carbohydrate metabolism, (10) inflammation, (11) nuclear receptors, (12) nuclear receptor targets, and (13) apolipoproteins. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Effects of FOH on fatty acid oxidation gene expression and activity in HepaRG cells. (A)
HepaRG cells were pre-treated for 24 h in HepaRG treatment medium containing FF-BSA alone or complexed with 0.66 mM OA. The cells were then incubated for 48 h (media change after 24 h) in pretreatment medium containing either 0.1% EtOH or 100 μM FOH. Cells were then harvested, and mRNA levels of genes regulating fatty acid oxidation were quantified by RT-qPCR. Each bar represents the mean ± SEM of normalized mRNA levels from 3 independent experiments (n = 3), and within each experiment data were normalized to the EtOHtreated control group (i.e., EtOH = 1). *Significantly different from 1, P < .05, **P < .01. (B) HepaRG cells were pre-treated for 24 h with HepaRG treatment medium containing FF-BSA complexed with 0.66 mM OA. The cells were then treated for 48 h (media change after 24 h) with medium containing FF-BSA + OA and either 0.1% EtOH, 100 μM FOH, 0.1% DMSO, or 10 μM GW7647. Following treatment, cells were processed to measure fatty acid oxidation, as described in Materials and Methods. Tritiated water DPM were normalized to cellular protein content and all treatment groups were normalized to the EtOH-treated control group. Each bar represents the mean ± SEM of normalized values from 3 independent experiments (n = 3). *Significantly different from EtOH-treated group, P < .05.
#
Significantly different from DMSO-treated group, P < .05. oxidation gene expression in control and OA-loaded HepaRG cells, differentiated cells were treated with 10 μM GW7647, and changes in gene expression were measured by RT-qPCR (Fig. 7A) . In control cells, PPARα activation significantly increased HADHA (2.0-fold), HADHB (1.6-fold), and ACAA2 (1.8-fold) mRNA levels. As seen in the abovedescribed experiment (Fig. 5A) , OA treatment also upregulated HADHA (1.4-fold), HADHB (1.6-fold), and ACAA2 (1.4-fold), and the OAmediated increases were increased further by GW7647 co-treatment (by 1.5-fold, 1.4-fold, and 1.3-fold, respectively, for HADHA, HADHB, and ACAA2 mRNA). In contrast to these 3 genes encoding mitochondrial β-oxidation proteins, although OA treatment increased cytosolic ACOT12 mRNA content (1.9-fold), treatment with GW7647 did not increase ACOT12 expression in control cells and did not enhance OA-induced ACOT12 expression. Next, OA-loaded HepaRG cells were treated with FOH in the presence or absence of the PPARα antagonist GW6471 (10 μM) for 48 h, and expression of HADHA, HADHB, and ACAA2 was measured using RT-qPCR (Fig. 7B) . GW6471 treatment significantly reduced HADHA, HADHB, and ACAA2 expression in OA-loaded cells and antagonized the FOH-mediated increases, indicating that under steatogenic conditions, FOH treatment increases the expression of mitochondrial β-oxidation genes through activation of PPARα in HepaRG cells.
Discussion
The pathogenesis of NAFLD involves dysregulation of lipid metabolic pathways, many of which are regulated by nuclear receptors, such as the PPARs (Sambasiva Rao and Reddy, 2004; Tailleux et al., 2012) , FXR (Sinal et al., 2000) , CAR (Yamazaki et al., 2007) , pregnane X receptor (Sookoian et al., 2010) , and liver X receptor (Ducheix et al., 2013) . Therefore, pharmacological manipulations of these nuclear receptors using synthetic modulators are regarded as potential approaches for NAFLD treatment (López-Velázquez et al., 2012; Machado and Cortez-Pinto, 2014) . In addition to synthetic activators, these nuclear receptors are targeted by several classes of endogenous compounds, including bile salts (FXR) (Wang et al., 1999) and lipoproteins, eicosanoids, fatty acids, and prostaglandins (PPARs) (Kliewer et al., 1997; Schupp and Lazar, 2010) . Here, we studied FOH, an endogenous isoprenoid that has previously been shown to suppress hepatic TG accumulation in rodents through activation of PPARα, PPARγ, and/or FXR (Forman et al., 1995; Takahashi et al., 2002; Hiyoshi et al., 2003; Goto et al., 2011) . However, extrapolation of FOH's effects on lipid metabolism from rodents to human is complicated by interspecies differences in the activities and functions of these receptors; particularly for PPARα, which in known to regulate diverse sets of lipid-metabolizing genes in mouse and human hepatocytes (Rakhshandehroo et al., 2009) , possibly due to differences in ligand affinity, the peroxisome proliferator response elements (PPREs) in target genes, and the transcriptional co-regulators that are recruited (Ammerschlaeger et al., 2004; Gonzalez and Shah, 2008; Yang et al., 2008) . In view of the above-described differences, we evaluated whether FOH treatment could suppress TG accumulation under steatogenic conditions in human hepatic cells, using OA-treated HepaRG cells as our model. FOH treatment lowered TG levels by nearly 25% in OA-loaded HepaRG cells, suggesting that FOH can potentially reduce steatosis in human hepatocytes. The cells were then incubated for 48 h (media change after 24 h) in pre-treatment medium (i.e., FF-BSA or OA) containing either 0.1% EtOH or 100 μM FOH. Cells were then harvested, and CYP mRNA levels were quantified by RT-qPCR, as described in Materials and Methods. Each bar represents the mean ± SEM of normalized mRNA levels from 3 independent experiments (n = 3), and within each experiment data were normalized to the EtOH-treated control group (i.e., EtOH = 1). *Significantly different from 1, P < .05, **P < .01. for 48 h. Treatments were replaced once after 24 h. Cells were then harvested, and mRNA levels of fatty acid oxidation genes were quantified by RT-qPCR. Each bar represents the mean ± SEM of mRNA levels normalized to the DMSOtreated control group from 3 (HADHB, ACAA2; n = 3) or 4 (HADHA, ACOT12; n = 4) independent experiments. *Significantly different from DMSO-treated group, P < .05, **P < .01, ***P < .001.
#
Significantly different from OA + DMSO-treated group, P < .05, ### P < .001. (B) HepaRG cells were pre-treated for 24 h with HepaRG treatment medium containing FF-BSA complexed with 0.66 mM OA, followed by treatment for 48 h (media change after 24 h) with medium containing 0.66 mM OA, either alone or in combination with 100 μM FOH, 10 μM GW6471, or FOH + GW6471. Cells were then harvested, and mRNA levels of mitochondrial fatty acid β-oxidation genes were quantified by RT-qPCR. Each bar represents the mean ± SEM of mRNA levels normalized to the OA-treated group from 3 (HADHA, ACAA2; n = 3) or 4 (HADHB; n = 4) independent experiments. *Significantly different from OAtreated group, P < .05, **P < .01, ***P < .001.
##
Significantly different from OA + FOH-treated group, P < .01.
A. Pant et al. Toxicology and Applied Pharmacology 365 (2019) 61-70 FOH-mediated activation of human CAR, PPARα, and FXR has not yet been adequately defined. In transfection assays conducted in CV1 cells, FOH treatment activated a chimeric receptor containing the human PPARα ligand-binding domain and GAL4 DNA-binding domain as well as the full-length receptor (Takahashi et al., 2002) . Also, in the same study, FOH increased expression of PPARα target genes in HepG2 cells engineered to overexpress human PPARα. In our initial experiments, we found that FOH treatment increased expression of the PPARα target gene PLIN2, showing that FOH can activate endogenous PPARα in HepaRG cells. FOH treatment also increased expression of CYP2B6, indicating that FOH can modulate human CAR-mediated responses. FOH was previously shown to activate FXR in cultured rat hepatocytes (Goto et al., 2011) . However, FOH treatment did not change expression of the FXR target gene SHP in our study, even though FXR was robustly activated by the positive control agonist GW4064. This failure to increase SHP expression might be attributable to FOH being a relatively weak FXR agonist (Forman et al., 1995) or to species differences in FXR activation. In addition, while SHP is a well-known FXR-target gene, we noted that SHP was regulated not only by FXR (GW4064 treatment) but also by the PPARα agonist GW7647, which produced a suppressive effect on SHP expression (Supplemental Table 2 ). It therefore seems possible that the net lack of effect of farnesol treatment on SHP expression in HepaRG cells could have been due, at least in part, to a negation of any FXR-mediated activating effect by a PPARα-mediated suppressive effect.
FOH upregulates genes involved in fatty acid oxidation in cultured rat hepatocytes (Duncan and Archer, 2008) and the livers of high fatfed mice (Goto et al., 2011) . The results from our customized PCR array and RT-qPCR analyses indicated that FOH treatment of OA-loaded HepaRG cells increased the expression of several genes that are responsible for hepatic fatty acid oxidation, which translated to increased fatty acid oxidation activity. FOH treatment has also been reported to suppress expression of the lipogenic genes SREBF1 and FAS in obese mice (Goto et al., 2011) and FAS but not SREBF1 in cultured clone 9 rat hepatic cells (Duncan and Archer, 2008) . Our PCR array data indicated that FOH treatment did not suppress expression of SREBF1 or FAS in HepaRG cells, further suggesting that FOH-mediated regulation of hepatic lipid-metabolizing gene expression differs across species.
OA-treated HepaRG cells have been reported to have lower mRNA expression of lipogenic genes and increased expression of genes regulating fatty acid oxidation and lipid droplet formation (Anthérieu et al., 2011) . When OA-loaded HepaRG cells were treated with PPARα or dual PPARα/γ agonists, TG accumulation was suppressed, which was accompanied by increases in fatty acid oxidation, up-regulation of genes regulating fatty acid oxidation, and downregulation of lipogenic genes (Rogue et al., 2014) , suggesting that activation of PPARs in OAtreated HepaRG cells can reverse steatosis. In the current study, FOH treatment of control or OA-loaded HepaRG cells increased expression of several lipid-metabolizing genes that were also upregulated following treatment with the synthetic PPARα agonist GW7647. Treatment of control and OA-loaded HepaRG cells with GW7647 increased expression of the mitochondrial β-oxidation genes, HAHDA, HADHB, and ACAA2, and FOH-mediated up-regulation of these genes was attenuated by the PPARα antagonist GW6471 in OA-loaded HepaRG cells, demonstrating that FOH's effects on these mitochondrial β-oxidation genes are mediated through PPARα.
The regulation of ACOT12 was unusual in that its expression was increased by FOH and/or OA treatment, but GW7647 treatment had less (as determined by PCR arrays) or no (as determined by RT-qPCR) effect. ACOT12 is a cytoplasmic enzyme that catalyzes the hydrolysis of acetyl-CoA to acetate and CoA, and the enzyme's activity is regulated by ADP/ATP levels (Swarbrick et al., 2014) . ACOT12 in rats has a PPRE motif in its promotor region (Suematsu and Isohashi, 2006) , which is consistent with the observed increase in ACOT12 activity upon treatment with the PPARα agonist clofibrate in rat hepatocytes (Ebisuno et al., 1988) . However, the PPRE motif on the human ACOT12 gene is located outside the putative promoter region (Suematsu and Isohashi, 2006) and its responsiveness to PPAR activators is not known. Nonetheless, the up-regulation of ACOT12 by OA and FOH observed in this study suggests a role for this protein in fatty acid metabolism under steatotic conditions.
OA treatment decreased the expression of CYP1A2, CYP2B6, and CYP3A4 and increased CYP2E1 expression. Changes in the expression of various CYPs are routinely seen in the livers of NAFLD patients, resulting in altered drug metabolism (Merrell and Cherrington, 2011) . CYP2E1 is also directly involved in NAFLD pathogenesis because of its role in lipid peroxidation that increases oxidative stress, one of the factors responsible for NAFLD progression (Chalasani et al., 2003) . All OA-induced changes in CYP expression were attenuated by FOH cotreatment. FOH has previously been reported to modulate expression of rat CYPs and to interact with mammalian CYPs as a substrate and/or inhibitor. Specifically, FOH has been shown to increase CYP2B mRNA levels in primary cultured rat hepatocytes (Kocarek and Mercer-Haines, 2002) , induce several monooxygenase activities in rat liver (Horn et al., 2005) , inhibit monooxygenase activities in rabbit liver microsomes (Raner et al., 2002) , and be a substrate for ω-hydroxylation by rabbit and human CYP2E1 (DeBarber et al., 2004) . Our findings suggest that FOH can potentially normalize fatty acid-induced changes in the hepatic expression of several human drug-metabolizing enzymes.
In conclusion, our results indicate that FOH can exert potentially beneficial effects on human hepatic lipid and drug metabolism. FOH reversed fatty acid-induced steatosis in human hepatic cells by increasing the expression of genes responsible for mitochondrial β-oxidation, primarily through activation of the nuclear receptor PPARα. FOH's ability to normalize expression of human CYPs might be an effective approach to ameliorate altered metabolism of drugs during treatment of NAFLD, but this possibility requires further investigation. Additionally, FOH has been shown to function as a dual human PPARα/ γ activator (Takahashi et al., 2002) , and farnesol or a metabolite has been shown to regulate adipocyte functions through PPARγ activation (Takahashi et al., 2002; Goto et al., 2011; Torabi and Mo, 2016) . Although we did not include PPARγ in this study, it would be interesting to determine whether PPARγ contributes to any of FOH's effects using PPARγ-deficient hepatocytes or PPARγ selective antagonists, such as GW9662 (Zhang et al., 2015) .
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